The increase in number of fine (< 0.5 mm diameter) roots of one-year-old clonal Pinus radiata D. Don trees grown in large open-top field chambers at ambient (362 µmol mol ) CO 2 concentration was estimated using minirhizotron tubes placed horizontally at a depth of 0.3 m. The trees were well supplied with water and nutrients. Destructive harvesting of roots along an additional tube showed that there was a linear relationship between root number estimated from the minirhizotron and both root length density, L v , and root carbon density, C v , in the surrounding soil.
Introduction
Many short-term studies have shown that trees respond to a doubling of atmospheric CO 2 concentration with an increase in biomass (e.g., Idso and Idso 1994) , but the long-term effects of rising atmospheric CO 2 concentration on carbon uptake and storage by forest ecosystems are less certain. In particular, it is difficult to predict changes in turnover and storage of carbon in roots, and losses of belowground carbon by respiration and leaching (Melillo et al. 1993) . For further progress, it is important to quantify the allocation of carbon belowground in relation to aboveground carbon assimilation and to understand the regulation of these processes by environmental variables.
Fine root annual net primary production in conifers can exceed values for foliage in developing stands (Gower et al. 1994) , and there are marked seasonal changes (Santantonio and Grace 1987) . The use of minirhizotron tubes is a non-destructive, widely used technique to estimate seasonal changes in root number (Brown and Upchurch 1987) . However, there are important, unresolved issues related to scaling from roots observed within a small volume of soil, surrounding the tube, to the distribution of roots in bulk soil (Reid and Bowden 1995) . The conversion of root numbers measured from minirhizotron tubes to root length density, L v , and root carbon density, C v , requires data obtained from the destructive harvesting of roots in the soil next to the tubes.
The loss of soil carbon due to respiration by roots and soil organisms, measured as the CO 2 flux density at the soil surface, F, is positively related to temperature (Lloyd and Taylor 1994) , but also depends on root density (Haynes and Gower 1995) . Increases in F have been observed in trees grown at elevated CO 2 concentration (e.g., Johnson et al. 1994 ) as a result of enhanced root activity.
The objective of this study was to determine differences in seasonal changes in L v , C v and F between Pinus radiata D. ) CO 2 concentrations during the first year of growth.
Materials and methods

Site description
Measurements were made on trees growing in eight large open-top chambers at Christchurch, New Zealand (latitude 43°32′ S, longitude 172°42′ E, elevation above sea level 9 m). The flat site is on a recently stabilized, weakly developed Kairaki dune sand, which is rapidly free draining (New Zealand Soil Bureau 1974) . When the trees were established, the concentrations of total carbon and nitrogen in the soil were 0.11 and 0.01%, respectively. For the year of the experiment at the site, mean annual temperature was 12.2 °C, with a mean daily range of 3.5 °C, and mean annual rainfall at the site was 616 mm.
The design of the open-top chambers was identical to that described by Heagle et al. (1989) . Each chamber was 4.7 m in diameter and 3.5 m in height. Air was supplied to the chambers by large fans, providing approximately two air exchanges per minute. This was sufficient to maintain the temperature and humidity within the chambers close to ambient conditions (Whitehead et al. 1995) . In four of the chambers, the CO 2 concentration was elevated by introducing CO 2 into perforated tubes situated behind the fan. Mean (± standard error) CO 2 concentrations were 362 ± 37 and 654 ± 69 µmol mol −1 for the ambient and elevated treatments, respectively. Air temperature, air saturation deficit and CO 2 concentration were measured continuously in all chambers using an automatic sampling system described by Whitehead et al. (1995) . Two rigid, plastic sheets radiating from the center to the edge of each chamber were dug into the soil to a depth of 1.2 m. This provided an area equal to one sixth of the total chamber and isolated the root systems of the measurement trees from those of other trees in the chambers. The minirhizotron tubes were installed before planting, with access to the tubes provided by lined pits external to the chambers.
Pinus radiata D. Don was propagated by tissue culture (Davies et al. 1992 ) from a single bud from a four-year-old tree to provide a genetically identical tree in each chamber. Plantlets were propagated, and grown at ambient or elevated CO 2 concentration in controlled-environment facilities to ensure that they were fully acclimated to the treatment. The trees were planted in the open-top chambers in autumn (April) 1994. Roots were inoculated with mycorrhizae by including litter from an adjacent forest plantation with the roots. Irrigation was supplied each night to maintain well-watered conditions throughout the year. A balanced fertilizer (Osmocote Plus, Grace Sierra International, Heerlen, The Netherlands) was applied to the soil surface at 3-month intervals to supply nitrogen to the trees at a rate equivalent to 15 g m . Measurements were made during the year following planting. Half-hourly measurements of air temperature at 1.5 m above ground level and solar irradiance were recorded continuously.
Stem basal area
Stem basal areas of the eight trees were measured every 2 weeks from winter (August) until late summer (February). A further set of measurements was made the following autumn (April). Measurements were taken at a height of 0.01 m above the soil surface.
Numbers of roots
Before the trees were planted, a 1.8-m long acrylic minirhizotron tube with internal and external diameters of 34 and 38 mm, respectively, was installed horizontally at a depth of 0.3 m below the ground surface between the center and the edge of each of the eight chambers. This depth was chosen because up to 90% of total fine roots occur within this zone in Pinus radiata plantations (Nambiar 1983) . Two parallel transect lines 20-mm apart were etched onto the outside surface along the length of each tube, and lines at 20-mm intervals were etched perpendicular to the long axes of the tubes to provide reference points along the tubes. The tubes were installed with the etched lines facing the soil surface. The trees were planted directly above the center position of the tubes.
Images of the soil and roots, including the etched lines, were viewed by passing a miniature color CCD camera and wideangle lens (Models Panasonic WV-KS152 and GP-LM7R5TA, Matsushita Ltd., Osaka) along the tubes. Illumination was provided by four incandescent lights. Images were reflected by a mirror mounted at an angle of 45° in front of the camera lens and were recorded on high-resolution video tape with a video camera recorder (Model TR705E, Sony Corporation, Tokyo). The images were captured by a computer (Model Power PC 7100 80AV) using a built-in digitizing card, and up to four images from different periods at the same location were displayed on the computer monitor. This allowed subtle changes in the characteristics of individual roots to be recorded. The number of root intersections was counted directly from the video images displayed on a second monitor. For each 20-mm section, position, number of roots intersecting the parallel lines along the length of the tubes, color and diameter size class (< 0.5, 0.5--1, 1--2, 2--3 and 3--4 mm) were recorded.
Estimation of root length density and root carbon density
Measurements used for conversion of numbers of roots to L v (root length per unit volume of soil) and C v (root carbon mass per unit volume of soil) were made using data obtained from an additional minirhizotron tube placed under a tree outside the chambers. The tree received the same fertilizer and irrigation regimes as the trees inside the chambers. The images of roots along this tube were recorded in early winter (May) at the end of the first year and the data analyzed as described above. The tree was felled at the soil surface and the soil was removed to the depth of the top of the minirhizotron tube. Immediately adjacent to the tube, cores (100 mm long × 70 mm wide × 40 mm deep) were removed from either side with a metal box. The cores were positioned at 100-mm intervals along the tubes for direct comparison of L v with data from the images. Each pair of cores from the two sides of the tube were bulked and kept frozen until the roots were measured.
Roots from the cores were separated by hand-washing the soil through a 0.5-mm sieve. Roots were sorted by diameter class (as above), and root lengths for each class were measured on a grid by the line-intersect method (Tennant 1975) . The roots were dried to constant mass at 70 °C, finely ground, and analyzed for total carbon concentration (Model Roboprep CN analyzer, Europa Scientific, Crewe, U.K.). Values of L v and C v were calculated for each sample. It was assumed that the mass of carbon per unit dry mass was the same for roots growing in both treatments.
Soil surface carbon flux density
Carbon flux density at the soil surface (F, g m −2 h −1 ) was measured every 4 weeks in the open-top chambers with a portable soil respiration system (Model SRC-1, PP Systems, Hitchin, UK) placed on the soil surface (Parkinson 1981) . Eight measurements were made in each chamber at an approximate distance of 0.35 m from the tree stem. Diurnal flux density measurements were made in two open-top chambers in late summer (February). In each chamber at a depth of 0.1 m, we made half-hourly measurements of both soil temperature, using copper-constantan thermocouples, and of soil matric potential, using calibrated resistance sensors (Model Watermark, Irrometer Co. Inc., Riverside, CA), and recorded the measurements with a datalogger in combination with multiplexers (Campbell Scientific Inc., Logan, UT).
Results
During the measurement period, daily mean air temperature was 13.3 °C, with maximum and minimum hourly temperatures of 36.9 and −4.0 °C on January 26 and June 30, respectively. Air temperature was lowest in July and began to increase in August, with the steepest increase occurring during October. Soil temperature at a depth of 0.1 m closely followed air temperature (Figure 1 ). Solar irradiance was at a minimum in late June and at a maximum in late December, and the total irradiance for the year was 10.9 kmol m −2
. Analysis of soil matric potential data showed that the profile was maintained close to field capacity throughout the year.
Stem basal area increased from winter (July) to late summer (January), indicating that aboveground growth was continuous throughout the period (Figure 1 ). Basal area of trees growing at ambient and elevated CO 2 concentrations increased from 97 to 373 mm 2 and from 69 to 341 mm 2 , respectively, during the period. By early autumn (April), mean basal area had increased to 642 and 649 mm 2 for the ambient and elevated treatments, respectively. Although the mean basal area for the trees growing at ambient CO 2 concentration was larger initially, the trees growing at elevated CO 2 concentration had a higher growth rate during summer (November to January).
Root length density and root carbon density
Analysis of data for roots < 4 mm in diameter from the cores located immediately adjacent to the minirhizotron tube in the plot outside the chambers showed that roots < 0.5 mm in diameter accounted for 86% of the total root length but contained only 36% of the carbon. Only 0.5% of the total length was in roots > 2 mm, but they accounted for 19% of the total carbon, owing to the high carbon concentration per unit root length of the large diameter roots (Table 1) , respectively. There was a linear relationship between these values and the number of root intersections (Figure 2) . This relationship was used to estimate L v and C v along the eight tubes in the chambers from measurements of the numbers of root intersections.
Distribution of carbon root density in the chambers
There was considerable variability in the numbers of roots observed along the tubes. In March, the total number of root intersections per tube length for roots in all diameter classes varied between 10 and 140. At this time, roots < 1 mm in diameter accounted for 93 and 97% of the total root length in the ambient and elevated CO 2 treatments, respectively. When normalized with respect to total length of roots (< 0.5 mm diameter) per tube length, the horizontal distribution of C v for roots in all diameter classes combined along the tubes showed a maximum value directly below the tree. However, the roots were more concentrated close to the tree in the elevated CO 2 treatment than in the ambient CO 2 treatment. We found 88% of the total roots (< 0.5 mm) within a radius of 0.15 m from trees in the elevated CO 2 treatment compared with 35% in the same zone for trees in the ambient CO 2 treatment (Figure 3 ).
Seasonal changes in root carbon density
The number of roots and values for C v were greater for trees growing at elevated CO 2 concentration than for trees growing at ambient CO 2 concentration, but because of variability, the differences were not significant ( Table 2) . The difference in numbers of roots was apparent in early spring when the first roots were observed and persisted throughout the year.
The increase in C v at a depth of 0.3 m started in early spring and continued to late summer. The first roots appeared eight weeks after the trees were planted. During this early period of colonization, the roots were relatively large (0.5--2 mm diameter). The first fine roots (< 0.5 mm diameter) were observed 20 11.2 ± 5.1 16.6 ± 13.5 weeks after planting. Rapid root growth started almost four weeks earlier for trees growing in the elevated CO 2 treatment than for trees growing at ambient CO 2 (Figure 4) . Then there followed a rapid linear increase in C v for all chambers until midsummer (December), followed by a slower rate of increase until late summer (February). There was some indication that the rate of increase in C v declined earlier for trees growing at elevated CO 2 concentration than for trees in the ambient treatment (Figure 4 ). During the linear phases, there were no significant differences in the relative increases in C v between the treatments (Table 2) .
Soil surface carbon flux density
Diurnal measurements of F increased during the early morning to reach a maximum around midday, and decreased during the afternoon to reach minimum values just before dawn (Figure 5) . In late summer (February), maximum F in the ambient and elevated CO 2 chambers was 0.092 and 0.099 g m −2 h −1 , respectively, and minimum F was about half of these values. Values of F in chambers at elevated CO 2 concentration tended to be greater than in chambers at ambient CO 2 concentration, although the differences were not significant. The diurnal changes were attributable to changes in air temperature, following an Arrhenius relationship of the form:
where T is temperature (°K), T o is a base temperature (227.13 °K), E o is a constant (308.56 °K) and A is a variable dependent on the data set (Lloyd and Taylor 1994) . During the year, mean F was greater for trees growing at the elevated CO 2 concentration than for trees growing at ambient CO 2 concentration ( Figure 6 ). There was an almost linear increase in F between winter (August) and midsummer (January). This was followed by a steeper increase in F during late summer and a smaller increase during autumn.
Discussion
The measurements of L v were variable, depending on the position along the minirhizotron tubes in relation to the tree. No roots were present in the soil before the planting of trees at the start of the year, so the data represent the initial exploration of the soil profile by young, actively growing roots. There was a general concentration of roots close to the trees (Figure 3) where the maximum L v recorded was almost 0.04 mm mm although L v has been shown to increase to values approaching 0.08 mm mm −3 in older tree stands (Bowen 1985) . Despite the low values of L v , the rate of growth of individual roots at the site was rapid and other measurements showed that roots were present at depths up to 0.9 m within six months after the trees were planted (S.M. Thomas, unpublished data).
No turnover was apparent in the root systems in the chambers. Root longevity in tree species is likely to be more than one year (Vogt and Bloomfield 1981) , although turnover of roots in older tree stands can account for up to half of the carbon allocated belowground (Vogt 1991) , thus it is anticipated that this will be a major component of the belowground carbon balance for the trees in the chambers in subsequent years. Roots with diameters of less than 1 mm comprised 96% of the total L v (Table 1) . Although these roots are particularly important for water and nutrient uptake, they accounted for only 58% of the total dry mass carbon. In young trees, larger roots provide greater storage for carbon than fine roots, but, in older stands, allocation of carbon to fine root turnover may exceed total root biomass (Vogt 1991) .
In a range of crops, Smit et al. (1994) found that the relationship between root number and L v and C v varied with season and between species. A possible explanation was that root distribution around the tube was variable. Poor contact between the soil and the tubes could lead to variability. Despite this difficulty, the minirhizotron technique provides the most suitable non-destructive, replicated method for estimating seasonal changes in carbon storage in roots.
There was an apparent increase in the numbers of roots < 0.5 mm in diameter, and in L v and C v for trees growing at elevated CO 2 concentration, although differences between treatments were not significant (Table 2 ). This was accompanied by an increase in tree basal area (Figure 1) , tree height and biomass (O.J. Sun, personal communication) during the first year of growth. Increases in root biomass in response to CO 2 enrichment have been reported for woody species (e.g., Curtis et al. 1990 , Idso and Kimball 1992 , Norby et al. 1992 , and this may result, at least in soybean (Glycine max (L.) Merr), from changes in root morphology rather than from an increase in number of roots (Rogers et al. 1992) . Increases in root dry weight per unit length could be associated with increased carbohydrate concentrations (Lewis et al. 1994) . In poplar (Populus × euramericana cv. Eugenei), Pregitzer et al. (1995) measured increases in the length of fine roots and in root mortality at elevated CO 2 concentration, resulting in faster turnover rates of root carbon.
There was a difference in the timing of root appearance and in the increase in L v between the treatments (Figure 4) . The first roots were visible 8 weeks after the trees were planted and were large (> 0.5 mm) in diameter. The fine roots did not begin to appear until 20 weeks after planting. By 24 weeks, L v for trees growing at elevated CO 2 concentration was greater than at ambient CO 2 concentration, and this difference persisted until the end of the period of growth in late summer. Because there was no significant difference in the relative rates of increase in C v between treatments (Table 2) , the increase in C v must have resulted from the earlier onset of the period of growth. Root growth continued throughout the spring and summer (Figure 4) , and the rate of growth did not decrease until well after air temperature had reached a maximum (Figure 1 ). This contrasts with the marked seasonality observed in mature Pinus radiata stands by Santantonio and Grace (1987) , in which the rate of change of fine root biomass peaked in early spring and decreased to near zero by late summer. It is likely that the continuous increases in C v (Figure 4 ) and tree basal area (Figure 1 ) are associated with the early establishment phase of growth of the trees and the availability of water and nutrients throughout the year.
Throughout the year, rates of carbon flux density from the soil surface, F, were approximately 30% greater for trees growing at elevated CO 2 concentration than at ambient CO 2 concentration ( Figure 6 ). This is consistent with results for other coniferous species (Johnson et al. 1994 , Pajari 1995 . The change in F is attributed to increased allocation of photosynthate to roots, resulting in increased metabolic and microbial activities and increased root growth (Norby 1994) . Values of F were low compared with those measured for mature plantation conifers (Haynes and Gower 1995) , reflecting the low carbon concentration in the soil before the trees were planted and the low C v values. Measurements of F were sensitive to changes in temperature ( Figure 5 ), but, during the late summer, F continued to increase (Figure 6 ) well after air temperature had begun to decline (Figure 1 ). Mean air temperature for the four months from December only varied between 20.2 and 22.9 °C, but there were large increases in C v (Figure 4) and F (Figure 6 ), suggesting that the increase in F was attributable to an increase in C v rather than an increase in temperature. Figure 6 . Seasonal values of carbon flux density, F, measured at the soil surface around trees growing at ambient (᭺) or elevated (᭹) CO 2 concentration at monthly intervals throughout the year. The data shown are means (± SE) for four trees in each treatment.
